With the rapid development of hydropower exploitation in China, changes in runoff and sediment transport have become a significant issue that cannot be neglected. In this study, the Han River was selected as a study case, where the runoff variation and changes in sediment load at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations were analyzed in different time periods. The results indicate that impact of cascade hydropower exploitation on runoff and sediment transport is significantly different even during the same time periods. After reservoir regulation, the decreasing of sediment load is faster than that of runoff. Strong positive correlation between runoff and sediment load exists during different time periods, while reservoir operation leads to different turning points at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations in the middle and lower Han River. As a key driving factor, runoff variation contributed to sediment transport with different impact index . The impact index before and after the first change point at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations is 43.35%, −3.68%, 11.17%, and 30.12%, respectively. This study helps us understand and evaluate the hydrological changes under cascade hydropower exploitation in the middle and lower Han River.
Introduction
With the rapid development of the social economy and improvement of modern science and technology, human activities have affected the environment deeply, which has attracted extensive attention. In particular, a large number of water conservancy projects were built in recent years, and water resource that humans must depend on has been under control to a certain degree. However, runoff process and sediment transport in rivers have also changed greatly. How to evaluate the influence of water resource exploitation on surface runoff and sediment yield and predict the tendency of hydrological variation have been a significant issue [1] . Thomas [2] first carried out his research on changes in runoff and sediment in the Colorado River, and he pointed out that annual sediment yield at the Grand Canyon gauging station totally reduced about 0.45∼1.54 × 10 8 tons during 1941∼1944, while the runoff volume at the same station had no obvious changes. Meade and Parker [3] also studied the influence of dams built along the Colorado River on sediment transport and indicated that establishment of the Hoover Dam was one of the most important reasons for the great reduction of annual sediment yield. In addition, the decrease of sediment yield and sediment deposition in tributaries has been playing an increasingly important role in some rivers, which can reflect the relationship between fluvial process and changes of hydrologic regimes to a certain degree in the lower Yangtze River [4] . In the past 50 years, the process of runoff and sediment has experienced a great change with comprehensive exploitation and utilization of water resources in China [5] . After operation of the Three Gorges Reservoir in the Yangtze River, mean discharge during flood seasons reduced greatly but increased a certain degree in drought periods downstream of the dam [6] . Li and Gu [7] carried out a systematical study of variation of erosion and deposition in channels downstream of the Yangtze Reservoir and indicated that sediment runoff of different size groups would never exceed the ones before the operation of the Three Gorges Dam in spite of riverbed scouring and sediment concentration recovery on a large scale. Moreover, the decrease of sediment concentration downstream of dams greatly increased size of the median diameter ( 50 ) of suspended sediments and bed material load, which contributed a lot to bed coarsening along the channels [8] . Dai et al. [9] discussed the floods that occurred in the Yangtze and the Han River basins and found out that they have a great probability of flood coincidence. This is because the flood seasons of the middle Yangtze River and the lower Han River usually share the same periods which is from July to September every year. Therefore, a spillway was suggested to be built to connect the Yangtze River and the Han River in order to relieve flood disasters in these regions [10] . It thence appears that the intervention of human activities, especially the establishment of the cascade reservoirs, caused some changes of hydrologic regime in these river basins, which ultimately resulted in a spatial and temporal redistribution of runoff and sediment transport. Therefore, we need to have a further study and analysis on the variation rules of runoff and sediment transport considering both the natural changes and reservoir regulation. Based on these, we can better predict the trends and characteristics of runoff and sediment transport in these regions.
The objective of this paper is therefore to investigate the influence of cascade hydropower exploitation on runoff and sediment transport. The Han River basin was selected as a case study. The effects caused by a series of water conservancy facilities, such as the Danjiangkou, Wangfuzhou, and Cuijiaying reservoirs, were analyzed. The dominant factors that affect the changes in runoff and sediment transport were identified and evaluated in order to provide a scientific basis for the comprehensive management in the Han River basin.
Study Area and Data

Study Area.
The Han River, located in central China (Figure 1 ), is the largest branch of the Yangtze River. The main stream of the Han River is 1577 km in length with a drainage area of 159,000 km 2 . The Han River basin is in a subtropical monsoon climate region with annual precipitation of about 700-1000 mm [11] . Annual precipitation gradually increases Mathematical Problems in Engineering 3 Baihe  59115  1955-2012  1955-2005  Huangjiagang  95217  1955-2013  1955-2013  Huangzhuang  147528  1955-2013  1955-2013  Xiantao  216579  1955-2012  1955-2006 from upper to lower basin and decreases from the south to the north in the whole basin. About 80% precipitations occur during the period from May to October, and the largest amount of river runoff is concentrated in this period correspondingly. From the northwest to the southeast, the Han River basin is divided into three subbasins, namely, the upper valley, the middle river basin, and the lower river basin. The upper valley generally covered mountainous and hilly areas. It extends up to the Danjiangkou reservoir (draining about 55% of contributing area), which is the source of water for the well-known middle route of South-North Water Transfer Project (SNWTP) in China [12] . The middle river basin refers to the section from Danjiangkou to Huangzhuang (draining about 21% of contributing area). And the lower river basin is from Huangzhuang to Hankou [13] . With the rapid development of water resources in the middle and lower Han River, a scheduling system of cascade reservoirs has been formed [14] . The Danjiangkou reservoir is the largest hydraulic engineering work with total storage capacity to 17.4 billion m 3 , which plays an important role in flood control, power generation, navigation, and irrigation. Besides the Danjiangkou reservoir, a series of large-scale water projects were built along the Han River basin (as shown in Figure 1 ).
Data Collection.
Hydrological data of annual runoff and suspended sediment load of Huangjiagang, Xiangyang, Huangzhuang, and Xiantao stations along mainstream of the Han River were collected from the Changjiang Water Resources Commission, China (CWRC) [15, 16] . The CWRC not only monitored the runoff process but also maintained full-time suspended sediment at these hydrological stations. Therefore, we collected the long-term data series of runoff and sediment of each hydrological station for this study. Suspended sediment load measured at these stations was used as the sediment load data in this paper. The total annual runoff and sediment load data were used in this study. The station locations and data periods are shown in Figure 1 and Table 1 . Homogeneity and reliability of the runoff and sediment data have been carefully checked and firmly controlled by the CWRC before they were released. The data series used in this study are consistent and without any missing data. Correlation analysis of all the collected data series was performed in this study using modified Mann-Kendall trend test.
Methodology
In order to investigate the changing trends of runoff and sediment transport in the Han River basin, five-year moving average method, rank-based Mann-Kendall method, and slope change ratio of cumulative quantity method were used in this study to test the evolutionary trend of runoff and sediment transport in the past decades.
Multiyear Moving Average of Data Series.
Average values of data series can be calculated from the former and later period values of hydrological sequence 1 , 2 , . . . , ; thus, a new sequence can be defined by the series of average values. This data processing mode makes original sequence much more smoothly, therefore, which is called moving average method [17] . Mathematical expression of the method is given by
where 2 + 1 is the step size of data series; + is ordinal data series with time . In this study, was assigned to 2, which means that five-year moving average method was used to deal with the hydrological data series. If there are trend ingredients in the sequence + , the new sequence can show them clearly.
Rank-Based Mann-Kendall Test.
Rank-based MannKendall test is a nonparametric statistic method to detect monotonic trends in series of environmental data, climate data, or hydrological data [18, 19] . This method was also adopted to test abrupt changes in the data series. Because of no distribution forms of data series having to be assumed in advance and greater power in trend analysis, the MannKendall test is highly recommended by the World Meteorological Organization [20] . Now it has been widely used in the field of hydrology and meteorology [21] . In the Mann-Kendall test, the null hypothesis, 0 , is that the data come from a population with independent realizations and are identically distributed. The alternative hypothesis, 1 , is that the data follow a monotonic trend. For example, there is a time series with sample size . The Mann-Kendall test statistic is calculated by
Under the null hypothesis of the sample, the statistic is standardized as : 
The total annual data which were considered in this study are usually taken as independent and identically distributed in hydrology. Therefore, this method was used in this study.
follows the standard normal distribution after the standardization mentioned above. Under a given confidence level , if | | > /2 exists, the null hypothesis should be accepted, where /2 is the critical value of the standard normal distribution with an exceeding probability /2. In other words, the rising or downward trend of data series is inconspicuous. On the contrary, it indicated that there is a conspicuous developing trend of the data series. In our study, the significant level of was assigned 5%.
Besides the traditional Mann-Kendall test, we also calculated the statistic variables , var ( ), ( ), and for the retrograde sample ( , −1 , . . . , 1 ) in the same way as shown in (1)- (4). The calculated values of and based on the progressive and retrograde series were assigned to and , respectively. Two curves, namely, ( ) and ( ), can be drawn using the calculated and values. The points of intersection of those two curves within the confidence interval indicted the beginning time of abrupt changes in the calculated time series.
Analysis of Mass Curves.
A double mass curve is a plot of cumulative values of one variable against the accumulation of another quantity during the same time period. It is used to determine the changes between the two datasets. If the two datasets are consistent, the slope of the double mass curve is linear. A break in the slope of the curve would indicate that conditions have changed. The method was introduced in this paper to evaluate the impact of runoff variation on sediment transport in the Han River basin in a quantitative manner. Generally, the changes in runoff directly affect the sediment transport. Since the slope of double mass curves represents the proportionality between the two quantities, the contribution rate of runoff variation to sediment transport can be expressed as the slope of these curves.
In order to determine whether these turning points are caused by runoff variation or sediment changes, the single mass curves are also involved in this study. The changing ratio of the slope of single mass is introduced in this study to discuss the changes before and after the turning points determined by double mass curves.
A linear relationship was assumed before and after any abrupt changes; the changing ratio of the slope of single mass curves can be expressed as
where Ra and Rb are the slopes of double mass curves before and after abrupt changes; SR is the changing ratio of the slope of the single mass curve. Similarly, the changing ratio of the slope of cumulative sediment load can be expressed as
where Sa and Sb are the slopes of sediment load accumulative curves before and after abrupt changes; SS is the change ratio of slope of cumulative sediment load over time. Therefore, the extent of runoff variation impact on the sediment transport before and after turning time can be estimated as [22] :
When the abrupt changes and linear trends were detected in the time series, the impact of runoff variation on sediment transport before and after abrupt changes can be quantitatively estimated by (8).
Results and Discussion
Runoff Variations.
The data used in this study were collected from four gauging stations (Baihe, Huangjiagang, Huangzhuang, and Xiantao) in the Han River basin, which covered the original data of long-term records of runoff and sediment discharge for nearly 60 years . In order to detect the monotonic trend and analyze the changing points of runoff under the exploitation of cascade hydropower, the annual runoff data series at the four gauging stations were used.
Tendency of Runoff Changes.
Based on the data series of runoff in the Han River basin, the process diagrams of the runoff at the four stations were obtained using the five-year moving mean method. The results are shown in Figure 2 .
It can be seen from Figure 2 that there is a downward trend in runoff at all the four stations in the Han River basin, having a conspicuous runoff fluctuation between different years. In addition, from the year of 1980, there is a decrease trend at the Baihe, Huangjiagang, and Huangzhuang stations, and it began to gradually rise again at the end of the 20th century. However, this changing process was not obvious at the Xiantao station, which is located in the lower Han River. Linear-regression curves of the runoff data series were shown in Figure 2 as well, which also indicates that there is a decreasing trend of runoff over years in the middle and lower Han River.
In addition, the trend and slope of the linear-regression line are nearly the same at the stations (b) Huangjiagang, (c) Huangzhuang, and (d) Xiantao. This may be related to the layout position of the three stations. It can be seen that the maximum runoff occurred in 1964 at Huangjiagang, Huangzhuang, and Xiantao station, while the maximum runoff did not appear at Baihe station in that year. Therefore, it can be inferred that the main runoff is from the middle and lower Han River basin and its tributaries, including Danjiang River, Tangbai River, and Nan River. Moreover, it can be seen from Figure 2 that there was also a larger flood that occurred in 1983, and flood peak appeared at all the four gauging stations at the same period. Therefore, the runoff changes have a strong regional correlation, which has been bound up with the distribution of heavy rain in the Han River basin [23] .
Analysis of Abrupt Changes in Runoff.
Based on the method of rank-based Mann-Kendall, the statistics of runoff data series were calculated, and results of abrupt changes are shown in Figure 3 .
The up and lower dotted lines are the confidence intervals at the 5% significance level in the Mann-Kendall test. It can be seen from Figure 3 (a) that there is a fluctuation of and values within a narrow range before the year of 1989. The curves of ( ) and ( ) intersected in 1989, which indicates that an abrupt change in the runoff at the Baihe station occurs at that time. This is because of the building of the Ankang reservoir. The runoff variation at the Baihe station has a close relationship with the operation of Ankang reservoir located in the upper Han River, which has been in use since 1989 [24] . After 1989, the runoff at Baihe station shows a downward trend, because some of the runoff was stored in the reservoir. Especially in the year 2000, the value of is below the lower confidence interval, which means the decreasing trend is very significant.
In addition, the curves of ( ) and ( ) for the other three stations (b), (c), and (d) changed evidently with multiple intersection points, which shows that abrupt changes of runoff may occur frequently from 1955. However, not all the intersection points are change points. It needs us to check the real ones. Because the Danjiangkou dam has a significant effect on flood control, the curve of ( ) at Huangjiagang station exceeds the confidence interval at the 5% significant level during the years 1998 to 2010 [25] . Therefore, there was an obvious decrease of runoff at the Huangjiagang station during that period. Moreover, Figure 3 shows that since the values at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations are consistently below 0 after the years 1990, 1990, 1993, and 1968 , respectively, the turning points do not occur at the same time for all the gauging stations. The curves among different sections in the Figure 3 are the results of multifactors, which involve natural elements and human activities [26] . For example, dam regulation, soil and water conservation, and industrial and agricultural water consumption always have different impact on the runoff in different natural river sections and river basins [27] . 
Changes in Sediment Load.
In the same way of the runoff analysis, the trend and abrupt changes in sediment load were analyzed at the four stations based on the annual data series of sediment. Figure 4 shows the temporal process of sediment transport at different stations in the Han River basin. It can be seen from Figure 4 that there is an obvious downward trend of sediment load in the middle and lower Han River. The Danjiangkou reservoir changes the sediment transport along the channels downstream of dam dramatically [28] . The closer it is to the Danjiangkou dam, the smaller the sediment discharge is. Due to the great decrease in sediment concentration, the sediment load at the Huangjiagang station nearly reduced to zero after the operation of Danjiangkou reservoir since 1968. The influence range is so large that the sediment loads at the Huangzhuang and Xiantao stations also have a dramatic decrease during the same periods. Unlike the Huangjiagang station, there is some degree of increase of sediment discharge gradually at the stations downstream because of flow erosion along the channels and sediment inflow from branches [29] . In contrast to the stations in the middle and lower Han River, the sediment load in the Baihe station has a smooth variation, especially after 1989 due to the sediment control by the Ankang reservoir in the upper Han River [30] . The changing processes of the sediment transport above indicate that the changes in sediment transport do not always show well time consistency at all the hydrological stations in the same river basin [31] . For example, the peak value of sediment load appears at the Huangjiagang, Huangzhuang, and Xiantao stations in 1958, while the sediment load at the Baihe station does not increase greatly at the same time because of the lack of sediment inflow from the branches. In addition, the sediment discharge decreases dramatically at the Huangjiagang, Huangzhuang, and Xiantao stations when the Danjiangkou dam comes into service since 1968. A huge amount of sediment from the upper Han River is deposited in the reservoir area. 
Changing Tendency of Sediment Load.
Analysis of Abrupt Changes in Sediment Transport.
Abrupt changes in sediment transport were detected by the Mann-Kendall test, and the results are shown in Figure 5 . It can be seen from Figure 5 that the sediment transport of the four stations in the Han River basin has an obvious change, because a large amount of sediments is stored in the reservoirs along the river. An abrupt change point of sediment load appears at the Baihe station due to the operation of the Ankang reservoir from 1989, and the statistic exceeds the confidence intervals ( = 0.05) in 1992, which indicates a significant decrease in sediment load from then on. The Danjiangkou reservoir has a more serious impact on the sediment transport, since it was put into operation from 1968. The sediment load decreased sharply at the stations along the Han River, because the statistic exceeds the confidence intervals ( = 0.05) at the Huangjiagang, Huangzhuang, and Xiantao stations in 1970s. The intersection points of ( ) and ( ) curves occur in 1975, 1981, and 1973, respectively. However, the intersection points are beyond the confidence interval drastically at the Huangjiagang, Huangzhuang, and Xiantao stations, which indicates that the beginning time of abrupt changes in the calculated time series should be checked in other ways [32] . Besides the influence of reservoirs operation on sediment transport, the sediment load in the middle and lower Han River is also reduced from upstream to downstream since 1968, which should not be ignored.
Changes in Relation between Runoff
and Sediment Discharge
Relation between Runoff and Sediment Transport in Different Periods.
It is well known that runoff changes usually have influence on the sediment transport to a certain extent [33] . Therefore, analysis of the relationship between the runoff and sediment is a necessary and significant task. The data series of runoff and sediment load at the four stations were divided into equal length and the mean values were calculated for each period, which are shown in of these figures can reflect the changes in runoff and sediment load during different periods. It can be seen from Figure 6 that the relationship between runoff and sediment load at the four gauging stations changes greatly in different subperiods. There is a strong correction between runoff and sediment load in the period of 1955-1965 at the Huangjiagang, Huangzhuang, and Xiantao stations due to less influence of human activities. Figure 7(a) shows that the correlation is actually not so large. This is because the Baihe gauging station is located in the upstream of the Han River. Compared with Huangjiagang, Huangzhuang, and Xiantao stations, the sediment load value under the natural condition, namely, from 1955 to 1965, is much smaller. For example, during the years 1955 to 1965, the values of sediment load at the Baihe stations change from 0.1 to 0.9 10 8 t. On the contrary, in the same period, the values of sediment load at the Huangzhuang station located in the middle of the Han River change from 0.3 to 2.7. In addition, at the Baihe station, the magnitudes of the runoff are also smaller, and the runoff comes from different tributaries. The sediment load of these tributaries is very different. Therefore, the correlation is not large at the Baihe station. Although the dramatic decrease of sediment discharge has broken the original relation between runoff and sediment load because of reservoir operation in the following periods, the overall correlation between them is still positive, as shown in Figure 7 . However, these correlations are generally smaller than before. Considering the reservoir operation along the river, the ratio of sediment to runoff acutely decreased with time, especially in the middle and lower Han River ( Figure 7) .
With the rapid development of economy in the Han River basin, the consumption of domestic and industrial water increased at a fast pace. Therefore, the runoff at those stations began to decrease to a certain degree after 1985 (as shown in Figure 6 ). On the other hand, there is a series of water control projects built in the Han River basin during the period 1966 to 1975, such as Shiquan, Danjiangkou, Wangfuzhou, and other hydropower stations, which also resulted in the decrease of runoff and sediment [34] . Considering the impact of cascade reservoir operation, for stations Huangjiagang, Huangzhuang, and Xiantao located downstream of the dam, the sediment load decreased sharply in the period of 1966 to 1975. After the year 1985, the changes in the runoff and sediment load were not so large, and the relationship between runoff and sediment load tended to be stable again [35] .
Impact of Runoff Variation on Sediment Transport under
Reservoir Regulation. The above analysis suggests that there are great differences in the relationship between runoff and sediment load for different periods. When abrupt changes occur at some turning time, the relationship between runoff and sediment load could have a significant change. Therefore, it is very important to find the turning points. However, due to the theoretical limitation of Mann-Kendall test, the turning points cannot be surely determined by the above analysis. We introduced a double mass curve of annual sediment load and runoff to further study the relation between runoff and sediment load. By plotting the accumulation of runoff and sediment load, the data will plot as a straight line, and the slope of this line will represent the constant of proportionality between the two quantities. A break in slope indicates a change in the constant of proportionality [36] . While affected by human activities and other factors, the curve would have a slope change and the degree of these changes can show the intensity of human activities approximately [37] . Therefore, we can identify the turning points of data series by finding out the changes of slope. Results of the double mass curve between runoff and sediment load at the four stations in the Han River basin are shown in Figure 8 .
The double mass curve of runoff and sediment load at the Baihe station shows a turning point and the slope of this curve also decreases gradually from 1983, which indicates a Figure 8 indicates that reservoir operation has an obvious influence on the relationship between runoff and sediment load in different periods. Therefore, the changes in relationship between runoff and sediment load before and after turning points can reflect the impact of human activities on hydrologic process. From Figure 8 , the potential turning points were derived. But we need to further determine whether these turning points are caused by runoff variation or sediment changes. The single mass curves of runoff and sediment load are given in Figures 9 and 10 . The same turning points got in Figure 8 were considered in these figures. It indicates that, from Figure 9 , there are no significant changes in runoff before and after the turning points. However, the changes in sediment load are very obvious and coincide with the turning points in Figure 8 . These variation trends of runoff and sediment load also demonstrate that the changes in sediment load are not only affected by the runoff. For this reason, we need to investigate the contributions of the runoff variation to changes in the sediment load in the following paragraphs of the paper.
The regression curves are fitted well before and after turning time at the four stations. The slopes of accumulation Mathematical Problems in Engineering curves of runoff and their slope change ratio SR before and after turning time are calculated and listed in Table 2 . It can be seen from Table 2 that data series were divided into 2 or 3 periods by the turning points at the four stations. Hydrological process in the first time period 0 is usually a natural one due to less influence of human activities. The runoff and sediment transport in the following time periods 1 and 2 suffered from different degree of impact of reservoir operation; therefore, the changes in slope of cumulative runoff SR indicates the ratio of influence of human activities, especially reservoir operation, before and after the turning points. Between the first and second periods, the runoff decreased by −24.45%, −8.20%, and −17.46% at the Baihe, Huangzhuang, and Xiantao stations, respectively.
As the runoff variation, also sediment load at the four stations shows extremely obvious changes before and after the turning points. Except for the natural time period 0 , cascaded reservoirs fundamentally changed the sediment transport in the following two time periods with the ratio of −56.39%, −50.63%, −73.38%, and −57.96% at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations ( Figure 10 and Table 3 ). Cascaded reservoirs have greatly changed fluvial processes in the Han River basin; therefore, the changed runoff process must have some influence on the sediment transport [38] . The extent of runoff variation impact on the sediment transport under reservoir operation before and after turning time is listed in Table 4 . It can be seen from Notes: is the slope of runoff accumulative curves before and after turning time; SR is the slope change ratio of cumulative runoff with time. Table 4 that runoff variation under reservoir regulation has contributed a lot to the sediment transport, especially at the Baihe and Xiantao stations with the ratio of 43.35% and 30.12%. In addition, although runoff variation has been playing an important role in the changes in sediment transport, other influencing factors also cannot be ignored [39] . For example, changes in flow discharge of river channels and Notes: is the extent of runoff variation impact on the sediment transport before and after turning time.
Mathematical Problems in Engineering industrial and agricultural water consumption always play their indispensable roles in the sediment transport with the cascade hydropower exploitation of river basin [40] .
Conclusion
With the rapid cascade hydropower exploitation in the Han River basin, runoff and sediment transport displayed great changes. In this study, we quantitatively evaluated the trends of hydrological process and identified the abrupt turning points of runoff and sediment load in the middle and lower Han River during the past 60 years. Some interesting and important conclusions were obtained as follows:
(1) Operation of cascade reservoirs has significantly influenced the hydrological process, and runoff and sediment load decreased in different degrees at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations. Compared with the sediment load, the change in runoff is not so large and shows time consistency.
The decreasing trend of sediment transport is very significant at the four stations because of reservoir operation during these periods.
(2) There are different turning points of runoff and sediment load at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations along the river. Abrupt changes occur at the four stations in 1983, (1858, 1967), (1967, 1984) , and (1967, 1984) , respectively. Although great changes in runoff and sediment load occur during different time periods, correlation still exists between runoff and sediment load before and after turning points.
(3) Runoff is always a driving factor for the changes in sediment transport, even under the operation of cascade reservoirs. The impact of runoff variation on sediment transport can be determined quantitatively based on the statistic defined in (8) . Before and after the first turning point at the Baihe, Huangjiagang, Huangzhuang, and Xiantao stations, the values
